Introduction
Micro-electromechanical systems (MEMS) containing active piezoelectric components are of great importance in the fields of sensors, actuators and transducers [1] [2] [3] . The most commonly used piezoelectric material is lead zirconate titanate (PZT) because of its high piezoelectric constant, relative permittivity and electromechanical coupling coefficient [4] . Recently, PZT thick film has attracted considerable attention because sensing signals, strains and actuating forces are closely related to the film thickness [5] [6] [7] . Consequently, piezoelectric thick films (>5 µm) are favourable for the MEMS devices requiring large strains, large actuating forces and high frequency such as micro-power harvesters [8] , micro-actuators [9] and high resolution piezoelectric ultrasonic transducers [10] . However, there are two key issues need to be overcome for realizing the function of these PZT thick film MEMS devices. One is the fabrication of PZT thick films, the other is the patterning of PZT thick films.
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Conventional thin-film technology such as sputtering and chemical vapor deposition (CVD) need long operating time and multiple deposition passes for the fabrication of micrometer-sized PZT films [11] . Machining and bonding of bulk PZT has a significant difficulty of producing films smaller than 100 µm due to the high brittleness of the film at this thickness [12] . Various techniques for the deposition of PZT thick films have been investigated and showed considerable capability, such as screen printing [13] , aerosol deposition [14] and composite film technology [15] .
However, in order to satisfy the performance requirement of this type of MEMS device it is necessary to pattern the PZT thick films with desired structures. The current high-performance PZT MEMS devices normally require feature sizes at a few micrometer scale combined with high side wall angle [16] , which is still a technical challenge. The commonly used method to pattern PZT thick film structures is screen printing [17, 18] . During the screen printing process an ink is forced though a fine mesh to deposit it onto the desired substrate. The film is then dried and sintered at elevated temperatures to yield a dense thick film and a desired crystalline structure. This method has the advantage of patterning the film directly by selectively masking certain areas of the mesh. This method is also suitable to produce PZT thick film structures at a large scale and is compatible with different substrates. However, the limitation of this method is that the maximum resolution depends on the size of the mesh used. The mesh fabrication is usually associated with photolithography, etching and laser cutting technologies. These additional multi-step fabrication processes not only increase the complexity of screen printing but also limit the mesh size and printing resolution.
Dry etching and wet etching have also been used for patterning PZT thick film structures. Dry etching allows high side wall angle due to the anisotropic nature of the etching process [19] . However, dry etching techniques are slow and need dedicated machines when etching PZT to prevent cross contamination [20] . This requires extremely long processing time and high associated expense. Wet etching of PZT is isotropic in nature so it is only possible to obtain a 1:1 ratio between undercut and thickness during the pattering of PZT thick film [21] . The degree of undercutting for wet etching of thick films is generally greater due to a higher degree of residual porosity in the thick films formed during the consolidation of ceramic particles through the action of heat. During etching etchant can enter these pores and accelerate the undercutting rate. In addition, hazardous solutions such as hydrofluoric acid are normally used in chemical wet etching, which need special protection equipment and hazardous liquid treatment process. In addition, the etching materials are normally difficult to be removed after etching and will remain inside the PZT thick film [22, 23] , which will result in the decline of the PZT properties.
Electrohydrodynamic jet (E-Jet) printing provides a new way for forming PZT thick film micro-scale structures. E-Jet makes use of electrical and mechanical forces to form an ink jet and drive flow of inks out of the needle and onto a target substrate. The distinct advantage of this method is that the jet diameter is much smaller than the needle size, which can significantly reduce the risk of needle blockage, especially when the high viscous liquid and suspension containing particles were used. In this process even very small ion concentrations in the ink are sufficient to enable this 3 E-Jetting happen. An electrical conductivity could be as low as 10 -11 S m -1 [24] . Viscosity of higher than 1000 mPa s was also reported for obtaining stable E-Jetting process [25] . The major working parameters in E-Jet printing process are applied voltage, flow rate and needle-substrate distance. The applied voltage is usually in the range of a few kilovolts. The flow rate of the ink at the outlet of needle can be smaller than 1.0×10 -14 m 3 s -1 in order to print the feature sizes at sub-micrometer scale. Needle-substrate distance is normally kept smaller than millimeter scale in order to focus the electric field force and reduce the diffusion of satellite droplets. Recently, E-Jet printing has been used for pattering various ceramic structures, such as grid ZnO nanofibers [26] , SiCN micro pentagram structures [27] and Al 2 O 3 nanoparticle patterns [28] .
In this work, E-Jet printing technique combined with the PZT composite slurry was used to pattern PZT thick film micro-scale structures, which enable the formation of the PZT thick film structures without additional material removing process. The characteristics of the printed micro-scale structures and their properties were examined and analyzed.
Experimental details

Preparation and characterisation of PZT slurry
In order to examine the effect of the milling time on the PZT particle size the PZT powder (Pz26, Ferroperm Piezoceramics, MEGGITT, Denmark) was ball-milled with distilled water using a high energy ball mill (QM-3SP2, Nanjing University Instrument Plant, China) for different times. The 3 . After every 10 h of milling the PZT particles were analyzed using a scanning electron microscope (JSM-6360LV, JEOL Ltd, Japan). The mean PZT particle size after ball-milling was also measured using a particle size analyzer (Zetasizer Nano ZS 90, Malvern Instruments, UK). The PZT sol was prepared by mixing of titanium (IV) isopropoxide (99.99 wt.% purity), zirconium (IV) propoxide (76 wt.% in 1-propanol), lead (II) acetate trihydrate, 1-propanol (99.7 wt.%) and glacial acetic acid (99.8 wt.%), which has the final chemical stoichiometric ratio of metal ions of Pb 1.10: Zr 0.48: Ti 0.52. The details of the components and preparation routes of the PZT sol were described in our previous work [29] . The PZT slurry used in this work was prepared by ball-milling of 10 g of PZT powder, 14.2 ml of PZT sol and 0.2 g of dispersant KR 55 (Ken-React Lica 38, KenRich, US) and 100 g of zirconia balls for 40 hours. The KR 55 dispersant is a type of organo titanates with a chemical name of Titanium IV tetrakis {2, 2-bis (2-propenyloxy) methyl-1-butanolato-O} adduct 2 moles (ditridecyl phosphito-O), dihydrogen. The solid load for this slurry is 48.6%. The details of the components and ball-milling parameters of the PZT slurry are shown in Table 1 . The viscosity of the PZT slurry was measured using a rotational viscometer with a shear rate range of 176 s 
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Clara, US). The PH was measured by a pH meter (PHS-3C, Shanghai INESA Scientific Instrument, China). The properties of the PZT slurry are shown in Table 2 .
The material properties suitable for obtaining a stable cone-jet mode used in E-Jet printing require an electrical conductivity of more than 10 -11 S m -1 , a surface tension of less than 50 mN m -1 and a viscosity of less than 100 mPa s -1 [24] . It can be seen from Table 2 that the prepared PZT slurry satisfied the requirements for getting a stable cone-jet mode. Fig. 1 shows the E-Jet printing device, which is mainly comprised of an E-Jet printing needle, a computer controlled X-Y movement stage, a high power supply, a syringe pump and a microscopic vision system. This E-Jet printing device was developed in our lab. The needle was connected to the high voltage power supply (Tianjin DongWen High Voltage Power Supply Co., Ltd, China) which was used to provide an electric field between the needle and the ground electrode. The inlet of the needle was connected to the syringe pump (LSP01-2A, LongerPump, Baoding, China), which provides the hydrodynamic force to push the PZT slurry to the outlet of the needle. In this work, the needle has an inner and outer diameter of 0.2 mm and 0.7 mm, respectively. The E-Jet printing process could be observed in real-time by using the microscopic vision system. A silicon wafer substrate coated with sputtered Ti/Pt (8/100 nm) was used for the E-Jet printing of PZT structures. During printing this Ti/Pt coated wafer was placed on the aluminium plate ground electrode. The stable cone-jet mode was obtained and kept constant throughout the printing process. The widths, gaps and thicknesses of printed PZT lines were varied in order to examine the characteristics of the E-Jet printed PZT micro-scale structures. During the printing of the PZT lines with width variations the flow rate were kept at constant of 1.67×10 -11 m 3 s -1
E-Jet printing of PZT slurry
, the applied voltage was varied between 0.8 kV and 1.3 kV according to the different working distances from 0.3 mm to 0.5 mm. During the printing of the PZT lines with gap and thickness variations the working distance used was 0.35 mm and 0.45 mm, respectively, the flow rate was kept at constant of 1.67×10 -11 m 3 s -1 . After printing the PZT lines with width and gap variations were dried at 200 °C for 60 s and pyrolysed at 350 °C for 60 s using a hotplate to remove the organic components. The completed PZT structures were sintered at 720 °C for 20 min in a muffle furnace. The heating rate for this sintering process was 20 °C min -1 . After heating the PZT structures were kept in the furnace for self-cooling to the room temperature. The total sintering duration is 2.5 h. In addition, a large area of PZT thick film was printed using the E-Jet printing, which was used to examine its electric properties. In order to examine the electrical properties of the PZT film a copper electrode with a thickness of 200 nm and a diameter of 2 mm was deposited using a Magnetron sputtering apparatus (LAB.18, Kurt J.Lesker, Pittsburgh, USA) on the PZT film surface after sintering. The dielectric property (relative permittivity) was calculated from the capacitance of the film measured using a LCR meter (ZL5, Shanghai Instrument Group, China). The piezoelectric properties (d 33, f ) were measured using a piezoelectric constant meter (YE2730A, Sinocera, Shanghai, China).
Results and discussion
Ball-milling of PZT powder
The PZT slurry used in this work was prepared by mixing of PZT sol and PZT powder. The size of the PZT powder has a great effect on the E-Jet printing process since the bigger sized particles are likely to sediment in the PZT slurry and further result in the unstable E-Jet mode. In addition, the smaller PZT particle can lead to better packing and help to improve the performance. In this work the PZT powder was ball-milled with distilled water and the effect of the milling time on its size was examined. Fig. 2a-e show the characteristics of the PZT particles before ball-milled and after ball-milled for 10 h, 20 h, 30 h and 40 h, respectively. The average PZT particle size was about 0.8 µm before ball-milling. After ball-milled for 10 hours the mean PZT particle size was 0.4 µm which is half of that without ball-milling. The mean PZT particle size was 0.4 µm, 0.3 µm, 0.25 µm and 0.2 µm after ball-milled for 10 h, 20 h, 30 h and 40 h, respectively. It can be seen that the ball-milling process can significantly reduce the particle size. It can also be found that there is still some big rigid particle residues remained in the powder after ball-milling. Fig. 2f is the particle size distribution after ball-milling for 40 h, which indicates that the mean particle size is about 200 nm. When the milling time was increased further the PZT particle size has no distinct difference, this indicated that the ball-milling reached its technical limitation.
Based on the above analysis it can be concluded that the ball-milling technique can significantly reduce the PZT particle size. It was also found in our experiments that the sedimentation were likely to happen after simple mixing of PZT powder and PZT sol. Fig. 3a shows the PZT slurry prepared using the simple mixing process and stayed after 30 minutes. It was observed that the sedimentation happened. A stable cone-jet mode should be formed and kept throughout the E-Jet printing process. The sedimentation of slurry will interrupt the stable cone-jet mode and result in the irregular printing feature. Therefore, the ball-milling was applied to prepare PZT slurry. The PZT sol and PZT powder were ball-milled for 40 h to form the PZT slurry for E-Jet printing. Fig. 3b shows the PZT slurry prepared by ball-milling process and stayed after 10 hours. It can be seen that the PZT particles were well dispersed in the sol and no sedimentation was found for this slurry. This PZT slurry can help to provide stable E-Jet printing process. Fig. 4 shows the E-Jet printed PZT lines with width variations. These lines were produced by one layer of E-Jet printing at different working distances from 0.3 mm to 0.5 mm. It can be seen that these lines are uniform in width. At the working distance of 0.5 mm the E-Jet printed lines were 200 µm in width (Fig. 4a). Fig. 4b and c are the surface and cross-section of the printed lines in Fig. 4a . It was observed that the PZT particles were well-arranged and the film presented a close-packed structure. The line thickness is about 1 µm for one layer of E-Jet printing (Fig. 4c). Fig. 4d-f show the PZT lines printed at the working distances of 0.45 mm, 0.35 mm and 0.3 mm, respectively. When the working distance was reduced from 0.5 mm to 0.3 mm, the line width was decreased from 200 µm to 80 µm ( Fig. 4a and d-f) . The smaller working distance can reduce the effect of the radial electric field, thus increasing the focus of the jet and reducing the printed feature size. The minimum line width printed was 80 µm at the working distance of 0.3 mm in this work. Smaller distances resulted in a discharge between the needle and substrate and interrupted the printing process. A smaller sized needle can help to reduce the flow rate and reduce the possibility of the discharge phenomenon. However, it was found in this work that the drying of the slurry at the outlet of the needle and subsequently blockage of the needle usually happened when its size was smaller than 0.2 mm. The electric field forced liquid at the outlet of needle can accelerate the evaporation of the solution in slurry. When the smaller sized needle is used the flow rate will be decreased subsequently. When the flow of slurry is insufficient to compensate for the evaporated solution the PZT slurry will dry and block the needle. (Fig. 5a-d) , varied by the control of the X-Y movement stage. The smallest gap between lines was 5µm in this work (Fig. 5d) , which is determined by the X-Y movement stage resolution (5 µm linear resolution for this movement stage). Smaller sized gaps can be achieved by using a higher resolution X-Y movement stage. Other PZT film patterning techniques based on the film formation and subsequently etching process usually suffer from the controlling difficulty of the interaction between the etchant and the PZT. In addition, the patterned size of these techniques relies on the accuracy of the sacrificial layer pattern [21] . The etchant usually interacts with the sacrificial layer when etching the PZT film, which will result in the damage of the sacrificial layer pattern, especially for the long time etching process of PZT thick film. Therefore, there is usually a limitation of gap size using the etching based technique, for instance, the wet etching technique normally give a minimum gap size of more than 10 µm [30] . In order to produce a thicker PZT structure multi-layer E-Jet printing of PZT slurry was carried out. Fig. 6a-e show the surface feature of the PZT lines after E-Jet printing of 1, 2, 3, 4 and 5 layers, respectively. The width of these lines was 150 µm. It was observed that the top surface of these lines presented convex feature. It is because that the big droplets mainly exist in the central area of E-jet, thus resulting in thicker in the central printing area and inducing the convex feature. This phenomenon was also observed in our previous work [31] . It can be seen that there were some pores presented in the films for one layer of PZT printing, where the substrate was not fully covered by the PZT particle. In order to cover the whole area of the substrate and make the film thicker more PZT printing layers were applied. Fig. 6f is the surface profile of the PZT lines produced at different printing layers. After one layer printing the line thickness was about 0.4 µm. It was 0.8, 1.2, 1.6 and 2.2 µm after E-Jet printing of 2, 3, 4 and 5 layers, respectively. It can also be seen that the cracks occurred on the surface after multi-layer printing. These cracks were formed after sintering and the cracks became more distinct when the number of printing layers increased. This is because cracking in thick films releases a greater proportion of stored elastic energy meaning that cracking is favoured in thicker constrained film systems. This phenomenon was also observed in the films produced using other deposition techniques such as spin coating [32, 33] .
E-Jet printing of PZT micro-scale structures
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In order to reduce the stress generated in the multi-layer printed PZT thick film structures intermediate drying stages were introduced after every single layer E-Jet printing. During this drying stage the PZT structure was dried at 200 °C for 60 s and pyrolysed at 350 °C for 60 s using a hotplate to remove the organic components. Fig.  7a is the walled PZT structure after 30 layers printing with drying process. The width of the PZT wall after printing for one layer was 150 µm, however, after 30 layers printing the width of the PZT wall was ∼700 µm. The width of the final PZT wall was much larger than that printed initially. This is because after every single layer printing the PZT structure was removed for the drying process. After drying the PZT structure was placed back on the X-Y movement stage for the next layer printing. There will be a positioning error when the PZT structure was removed and placed back, which results in the misalignment between the substrate and the printing needle. This leads to the enlargement of the PZT structure after 30 layers printing. Further improvement with the use of higher accurate markers combined with micro-operation and micro-measurement system can help to reduce this size error. It was found that the cracks were significantly reduced by using this drying process (Fig. 7b) , which prove the function of this drying method. Fig. 7c and d are the cross-section at the central area and the surface profile of this printed PZT line, respectively. The porosity is ~10% which was deduced from the scanning electron microscopy micrograph of the PZT structure fracture cross-section. It also can be seen that the thickness of the PZT wall was 12 µm.
In order to deposit a film over a large area and study the properties of the resultant film, a raster printing was used alternating between one layer with the long path in the X direction (step in Y direction) and the next with the long path in the Y direction (step in the X direction). The travelling speed was 10 mm s -1 , and the distance between two parallel paths of deposition was set to 0.1 mm to ensure a degree of overlap between deposited materials. The printing parameters were kept the same as the PZT structure produced in Fig. 6 . A drying process was also applied to this PZT film after every single layer E-Jet printing. The drying process was the same as the PZT structure produced in Fig. 7 . Fig. 8a and b are the surface and cross-section of the PZT film after E-Jet printing of 34 layers over large area. The PZT film exhibited slight, sub-micrometer surface cracking (Fig. 8a) which were formed during the sintering process. The overlap printing of the PZT line can increase the film thickness compared with the single line printing. Thus, the cracks can be enhanced in this large area printing process compared with the single line printing (Fig. 7) . But these cracks were non-connecting such that the top electrode deposited on the PZT surface was not disrupted. The cracks also did not extend through the entire thickness of the PZT film, as can be seen in Fig. 8b that this film was not electrically shorted. The relative permittivity (ε r ) of this film was calculated to be ∼233 at 50 Hz. The piezoelectric constant (d 33, f ) obtained at different poling voltages is shown in Fig. 9 . The highest d 33 33 and ε r obtained in this work are still lower than the bulk PZT material (Pz26). This is mainly due to the existence of residual pores and cracks, and different grain 8 sizes in the film as well as the presence of the rigid substrate constraining the film. However, these values are comparable to the composite PZT films produced by the screen printing and spin coating [34, 35] .
Conclusions
The formation of PZT thick film micro-scale structures using E-Jet printing technique was demonstrated in this paper. The PZT micro-scale structures were formed with the absence of additional materials removing process such as wet and dry etching. The effect of the ball-milling time on the PZT particle size was examined. The PZT particle size was reduced from 0.8 mm to 0.2 mm when it was ball-milled for 40 h. The ball-milling of PZT sol and PZT powder provided stable slurry which is suitable for the printing. The PZT lines with width variations were fabricated using E-Jet printing technique at different working distances. The line width was decreased from 200 µm to 80 µm when the working distance was reduced from 0.5 mm to 0.3 mm. The PZT lines with gap variations from 5 µm to 200 µm were also printed by the control of the X-Y movement stage. It was observed that cracks occurred in the PZT structures when multi-layer E-Jet printing was applied. This cracking phenomenon can be relieved by the use of an intermediated drying process. A walled PZT micro-scale structures with a thickness of 12 µm was produced by 30 layers E-Jet printing. The piezoelectric coefficient (d 33, f ) of 66 pC N −1 and relative permittivity (ε r ) of 233 were obtained for this E-jet printed PZT film structure, which are comparable with those obtained in our previous work and reported in literature with similar micro-scale structures. 
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